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Drug-induced hypersensitivity reactions can cause a variety of serious diseases by involving drug-specific T-cells. Many of these
reactions have been explained by the hapten concept, which postulates that small chemical compounds need to bind covalently to
proteins to be recognized by the immune system. Due to their chemical reactivity, haptens stimulate the innate immunity by binding
covalently to endogenous proteins and form so called hapten-carrier complexes, which are antigenic and induce T-cell responses. In
recent years, a new concept has been developed since drug-induced hypersensitivity reactions were also observed with chemically
unreactive drugs. This concept implies direct and reversible interactions of the drug between T-cell receptors (TCR) and major
histocompatability complex (MHC) molecules. Therefore it was termed pharmacological interactions with immune receptors (p-i
concept). Early observations on drug reacting T-cell clones (TCC) let believe that drugs bind first to the T-cell receptor since HLA
molecules could be exchanged without affecting the drug reactivity. However, MHC molecules were always required for full activation
of TCC. According to its strong HLA-B*5701 association, recent data on abacavir suggest that a drug could first bind to the peptide
binding groove of the MHC molecule. The thereby modified HLA molecule can then be recognized by specific T-cells. Consequently,
two types of reactions based on the p-i mechanism may occur: on the one hand, drugs might preferentially bind directly to the TCR,
whereas in defined cases with strong HLA association, drugs might bind directly to the MHC molecule.

Introduction

Adverse drug reactions (ADRs) present a serious human
health problem and are major contributors to hospitaliza-
tion and mortality throughout the world [1,2]. ADRs can be
classified into two broad categories, type A reactions and
type B reactions. Approximately 80% of ADRs belong to
type A reactions and are considered to be predictable,
common and related to the pharmacologic activities of
the drug. Typical examples are drug-induced toxicity,
like gastrointestinal bleeding after non-steroidal anti-
inflammatory drug (NSAID) treatment or sleepiness after
treatment with some antihistamines of the first/second
generation.

Type B reactions are uncommon, considered to be
unpredictable and normally not related to the pharmaco-
logic activities of the drug [3]. Another terminology would
be idiosyncratic drug reactions, meaning that an unusual
individual susceptibility is causal for the side effect: it
includes drug intolerance reactions (e.g. asthma or urti-
caria exacerbations after use of NSAIDs) and immune-
mediated adverse drug reactions, also known as allergic
drug reactions or drug hypersensitivity reactions.The latter

ones are dependent on one or more immunological
mechanisms [4, 5].

Hypersensitivity reactions involve many distinct
immune mechanisms and thus present different clinical
manifestations. Allergic reactions are often classified
according to the classification system of Gell & Coombs [6].
Type | reactions or so-called immediate-type reactions, are
mediated by drug-specific IgE antibodies and mainly cause
urticaria, anaphylaxis and bronchospasm. The symptoms
normally occur within less than 1 h after drug administra-
tion. The less common type Il reactions are based on
immunoglobulin-mediated cytotoxic mechanisms,
accounting mainly for blood cell dyscrasia. Type Il reac-
tions, on the other hand, are immune-complex mediated,
occurring, for example, in vasculitis. Finally, type IV reac-
tions are known as delayed hypersensitivity reactions
(DHR), which are mediated by drug-specific T lymphocytes
[7]. For all types of DHR an involvement of T-cells is
required since T-cells, on the one hand, infiltrate the tissue
and cause organ damage [8, 9] and, on the other hand,
produce cytokines that mediate antibody class switching.
Involvement of drug specific T-cells could be demon-
strated by the isolation of drug reactive T-cell clones (TCC)
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from biopsies of hypersensitivity lesions [10] as well as
from the peripheral blood of hypersensitive patients [11].

Type IVa-d reactions

Although the classification system according to Gell &
Coombs provides a helpful diagnostic tool in clinical prac-
tice, DHR to drugs have turned out to be more complex
than initially described. In particular, delayed appearing
hypersensitivity reactions involve many more distinct
immune mechanisms than originally conceived.Nowadays
these immune mechanisms can be related to the distinct
functions of drug reactive T-cells [7]. This finding seems to
be plausible since T-cells can orchestrate different forms of
inflammations. Consequently, type IV reactions can also be
categorized according to the cytokine patterns and the
preferential activation of differentimmunocytes [7,12, 13].
Taking into consideration the well described heterogene-
ity of T-cell functions and phenotypes, T-cell-meditated
type IV reactions were subclassified in IVa-1Vd reactions:

Type IVa reactions correspond to Th1 immune reac-
tions:Th1 type T-cells activate macrophages by IFNy secre-
tion, drive the production of complement fixing antibody
isotypes, and act as co-stimulators for pro-inflammatory
and CD8* T-cell responses. An in vivo correlate would be on
the one hand a monocyte activation, e.g. in skin tests to
tuberculin. On the other hand, Th1 cells are known to acti-
vate CD8* cells, which might explain the common combi-
nation of IVa (high IFN-y values) and IVc reactions (e.g. in
contact dermatitis).

Type IVb corresponds to the Th2 type immune
response. Th2 T-cells secrete IL-4, 1I-13 and IL-5 cytokines,
which promote B cell production of IgE and IgG4, mac-
rophage deactivation and mast cell and eosinophil
responses. The high production of IL-5 leads to an eosino-
philic inflammation, which is the characteristic inflamma-
tory cell type in many drug hypersensitivity reactions [7,
14]. An in vivo correlate might be an eosinophil-rich macu-
lopapular exanthema, but also the presence of nematode
infestations or bronchial or nasal inflammation (asthma
and rhinitis, respectively).

Type IVc reactions take into account the fact that T-cells
are able to act as effector cells. They emigrate into the
tissue and kill tissue cells, such as hepatocytes or kerati-
nocytes in a perforin/granzyme B and/or FasL-dependent
manner [15] [16]. Such reactions occur in most drug-
induced DHR, mostly together with other type IV reactions
involving monocyte, eosinophil or polymorphonuclear cell
recruitment and activation. Cytotoxic T-cells thus play a
role in maculopapular or bullous skin diseases, as well as in
neutrophilic inflammations and in contact dermatitis. Type
IVc reactions appear to be predominant in bullous skin
reactions like Stevens Johnson syndrome (SJS) and toxic
epidermal necrolysis (TEN), where activated CD8" T-cells
kill keratinocytes [7, 16, 17].

Type IVd: T-cells driven by an antigen can coordinate
(sterile) neutrophilic inflammation as well. Typical
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examples would be sterile neutrophilic inflammation of
the skin, in particular acute-generalized exanthematous
pustulosis. In this disease CXCL8 and GM-CSF producing
T-cells recruit neutrophilic leucocytes and prevent their
apoptosis via GM-CSF release [18].

Drug recognition by T-cells

Conventional T-cells recognize peptides presented on
MHC molecules from antigen presenting cells (APC). Nev-
ertheless, how small molecular synthetic compounds like
drugs are recognized by T-cells and how they are able to
elicit a generalized immune response remains an intrigu-
ing question.

In order to mount an immune response, the antigen/
drug must, on the one hand, stimulate the innate immune
system and, on the other hand, form antigenic determi-
nants for specific immune receptors (B-cell and T-cell
receptors (TCR) for antigen). The ability to activate the
innate immune system and thus to initiate an immune
response is called immunogenicity and supplements anti-
genicity, which is the provision of antigenic determinants
for the specific immune receptors. A full antigen requires
both, antigenicity and immunogenicity. While, as men-
tioned, the nature of protein antigen presentation to
T-cells has been fully elucidated, the mechanism by which
a chemical or drug antigen is presented is still subject to
debate. Three pathways have been described for chemical
stimulation on T-cells:

The hapten concept

A dogma in immunology stipulates that small molecules
(<1000D) are not antigenic per se and therefore drugs
would not be immunogenic. However, T-cell activation by
small molecules can be explained by the hapten concept. It
implies that a small molecule can become antigenic, when
it binds to a high molecular weight protein. Haptens are
chemically reactive small molecules that are able to
undergo a stable, covalent binding to a larger protein or
peptide, which modifies the side chain of the bound
residue. Theoretically this modification can affect any kind
of autologous protein, like soluble extracellular proteins
(e.g. albumin), membrane proteins (e.g. an integrin) and
intracellular proteins (e.g.enzymes) or possibly directly the
peptide embedded in the MHC molecule itself. Chemical
haptens often have a tendency to bind covalently to a
particular amino acid. For instance it has been shown that
penicillin derivatives were prone to bind covalently to
lysine residues of serum albumin [19]. Consequently, many
different new antigenic determinants are formed by
hapten modification of different proteins resulting in a
broad array of immune responses to a hapten. The type,
location and abundance of the molecules modified have a
big influence on the type of the arising immune response.
This can lead to a great heterogeneity of immune
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Figure 1

Hapten and p-i mechanism of drug recognition by T-cells. (A) Hapten model:the MHC embedded peptide is covalently modified by the drug, creating a new
antigenic determinant. (B) p-i concept for CD4* T-cell stimulations: the drug (shown as SMX in this example) may bind to the TCR. Activation of the T-cell
requires the interaction with MHC-class Il molecules. No strict HLA-restriction can be demonstrated [39]. (C) p-i concept for HLA-allele restricted CD8" T-cell
responses: the drug (shown as abacavir in this example) binds avidly, but non-covalently to allele specific HLA-B determinants [45].This binding may stabilize
the HLA-complex even without peptide. A CD8" T-cell reaction against this drug-HLA complex will be developed. It can only occur if the HLA molecule binds
the drug with sufficient affinity, explaining the exquisite HLA-allele association of this reaction

responses and clinical pictures, based on formation of anti-
bodies (IgG, IgE) directed to the soluble or cell bound pro-
teins. Occasionally, an exclusive T-cell response will be
formed, without antibody formation. One reason might be
a modification of an MHC associated peptide itself. Alter-
ation of the MHC-molecule directly is also possible, but
data in the mouse model using trinitrophenol suggest that
this is less frequently causing an immune response [20].

In order to get recognized by T-cells as foreign anti-
gens, haptenized proteins need to be processed by APC to
produce haptenized peptides presented on MHC mol-
ecules (Figure 1A). A response directed against such a neo-
antigen represents a de novo immune response. Therefore
it is thought that hapten-specific T-cells originate from the
immunological naive pool of lymphocytes. Haptenization
itself is thought to be pro-inflammatory, since it must
disturb functions of modified proteins. For quite a number
of molecules it was shown that haptenization leads to the
activation of dendritic cells (DC) in vitro [21, 22].

Allergic contact dermatitis represents a specific
example of a DHR whose mechanism follows the concept
of haptenization. The skin, as the outermost barrier of the
body’s defence system, is the first organ that encounters
chemical and physical factors from the environment [23].
In some instances chemical entities can act specifically as
skin allergens resulting in a T-cell mediated inflammatory
reaction at the site of challenge in certain hypersensitive
individuals, causing skin erythema and oedema [24].
Contact allergens are incomplete antigens that must bind
to cellular and serum proteins to form stable hapten-
protein complexes [25]. The ability of these hapten-protein
complexes to induce sensitization relies on the activation
of innate immunity. Interaction of DC with the antigen pro-

motes maturation and migration to the draining lymph
nodes [26] where the matured cells effectively present the
processed antigens as anchored peptides on MHC class |
and Il molecules to specific naive CD8" and CD4* T-cells.
This results in the generation and proliferation of circulat-
ing memory T-cell populations with acquired memory for
that antigen. Re-exposure of sensitized individuals to the
same antigen will lead to a proliferation of the circulating
memory T-cells resulting in the incidence of allergic
contact dermatitis within 24-72 h of the exposure.

The pro-hapten concept

Many drugs are not chemically reactive but still able to
elicit immune-mediated side effects. The pro-hapten
hypothesis tries to reconcile this phenomenon with the
hapten hypothesis by stating that a chemically inert drug
may become reactive upon metabolism [7, 27, 28]. Sul-
famethoxazole (SMX) is a prototype of such a pro-hapten.
It is itself not chemically reactive but gains reactivity and
thus antigenicity by intracellular metabolism. A cyto-
chrome P450 dependent metabolism (CYP2C9) in the liver
leads to sulfamethoxazole-hydroxylamine (SMX-NHOH)
which can be found in the urine and which is easily con-
verted to sulfamethoxazole-nitroso by oxidation.The latter
is chemically highly reactive and easily binds to intracellu-
lar proteins creating neoantigenic determinants [29].
Moreover, toxic effects of SMX appear above a threshold
level. Thus, SMX seems to have indirectly antigenic and
immunogenic features. Since many different proteins
might be modified, the resulting clinical picture might be
as variable as with real haptens and SMX is indeed known
to cause many different types of diseases affecting many
organs (exanthems, anaphylaxis, SJS, hepatitis, etc.). These
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side effects are mediated by antibodies and/or T-cells. On
the other hand, the conversion of a pro-hapten to the reac-
tive hapten may occur exclusively in the liver or kidney and
may thus cause an isolated hepatitis or interstitial nephritis
[8].

An unexplained issue of the hapten theory is the fact
that hapten-formation is common for given drugs like
penicillin and happens in the majority of treated patients.
Why only a minority of patients develops an allergic, clini-
cally symptomatic immune reaction is unclear.

The p-i concept

A third possibility, namely the p-i concept for ‘pharmaco-
logical interactions of drugs with immune receptors’ rep-
resents a non-conventional presentation pathway that
contradicts the original thought that the immune stimula-
tory capacity of most chemicals and drugs could be pre-
dicted by their protein reactivity [11, 30, 31]. According to
the hapten and pro-hapten concept, drugs and other sub-
stances that are not chemically active and therefore inca-
pable of coupling to a macromolecular carrier, would not
be antigens and could not induce hypersensitivity reac-
tions. However, this hypothesis has been challenged by
clinical and immunological evidence that cannot be
explained by hapten or pro-hapten models (Table 1,and is
reviewed in [32]).

According to the p-i concept, chemically inert drugs,
unable of binding covalently to peptides or proteins, can
nevertheless activate certain T-cells, if they fit with a suffi-
cient affinity into some of the various different T-cell recep-
tors or MHC-molecules available.This reversible interaction
is similar to the one of a ligand to its receptor. In some
isolated drug reactive TCC, chemical derivatives of the
parental drug could even act as full antagonist or partial
agonist in vitro [33]. Evidence for the p-i mechanism lies in
the observations that aldehyde-fixed APC (unable to

Table 1

Evidence for the p-i concept

In vivo:

A specific immune response at the first encounter, notably without
sensitization phase [51]

DHR caused by drugs that are not known to be metabolized to a
reactive compound [11, 30, 34, 35, 47, 52, 53]

Positive skin tests with lymphocyte infiltration caused by inert drugs
unable to form hapten-carrier complexes in the skin

In vitro:

Chemically inert drugs stimulate TCC via the TCR in an MHC-dependent
way [11, 30, 34, 35, 47, 52-55]

Glutaraldehyde fixed APCs can still present drugs [11, 30, 35, 47, 53, 56]

Washing of glutaraldehyde fixed APCs removes drug and prevents
specific TCC activation [30, 56]

Ca2* mobilization kinetics are too fast to allow antigen processing [11]

TCR downregulation kinetics too fast to allow antigen processing [11]
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process antigen) are still able to activate specific TCC,
washing steps of APC abrogates the reactivity (in the
opposite of haptens) and that calcium influx in TCC
happens within seconds after the addition of the drug.
In contrast to haptens, p-i acting drugs, without requiring
any biotransformation, are thought not to be pro-
inflammatory and the innate immune system may not be
stimulated [32]. Consequently, it is assumed that no gen-
eration of an own, drug (hapten) specific immune
response occurs, but that the p-i-stimulated T-cells arise
from previously primed effector and memory T-cells. In
vivo, p-i-activated T-cells expand and subsequently infil-
trate the skin and other organs resulting in a T- cell
orchestrated inflammation. Effector and memory cells
have a substantially lower threshold for activation than
naive T-cells, which could provide an explanation why a
signal only via TCR may be sufficient. This threshold of
T-cell activation might be further lowered by a concomi-
tantly occurring massive immune stimulation of T-cells as
it occurs during generalized herpes or human immunode-
ficiency virus (HIV) infections, but also during exacerba-
tions of autoimmune diseases. Such immune processes go
along with high cytokine levels and an increased expres-
sion of MHC- and costimulatory molecules. Consequently,
T-cells are pre-activated and more ready to react to a
minor signal like binding of a drug to its TCR. This would
explain the high occurrence of drug hypersensitivities in
these diseases. On the other hand, while the p-i concept
has been documented for many drugs (SMX, lidocaine,
lamotrigine, carbamazepine, p-phenylendiamine, radio
contrast media) [11, 34-37], all of their metabolites are
also implicated in drug hypersensitivity. Indeed, many
patients react to the parent compound as well as to some
metabolites simultaneously. In other words, they react
with the drug bound as hapten to a protein/peptide and
the ‘inert’ substance simultaneously, which is bound by
Van der Waals forces/hydrogen bonds. This raises the
question whether the hapten-characteristic of a drug
(with all its immunostimulatory consequences on innate
immunity) is a prerequisite that p-i stimulations can (also)
occur.

Full T-cell activation by the drug (measured by imme-
diate Ca*" influx into specific T-cells, cytokine synthesis and
proliferation) requires the interaction of the TCR with MHC
(documented for MHC class Il) on APC [11, 33].1t raises the
question whether the drug binds first to the MHC mol-
ecule, modifying its structure and thus leading to specific
TCR activation or whether the drug binds primarily to spe-
cific TCR, rendering the MHC interaction only a supple-
menting signal. Initial data suggested that the interaction
of the drug happens first with the TCR, since the MHC-
bound peptide could be exchanged or removed without
affecting CD4* T-cell activation [38] (Figure 1B). Moreover,
some TCC reacted to the drug even in the presence of
allogeneic MHC molecules, indicating that no strict HLA
restriction for drug presentation exists [39]. However, this



may be different for the less well analyzed CD8* TCC.Some
severe drug hypersensitivity reactions caused by certain
drugs have a strikingly high HLA-B-allele association
[40-42].For example, in the case of abacavir hypersensitiv-
ity, a drug hypersensitivity syndrome strongly associated
with the HLA-B*5701 allele [43], key interacting residues in
the HLA-B*5701 peptide binding cleft could be identified
[44], which allow the formation of non-covalent interac-
tions with the drug abacavir [45]. Recent in silico data pub-
lished by Yang et al. suggest that drugs could also fit in
‘empty;, non-peptide bearing MHC class | molecules. Thus
the strong MHC allele-drug specificity can be explained by
a steric complementarity together with other strong non-
covalent interactions between the drug molecule and the
antigen presentation groove. Indeed, it is tempting to
speculate that the interaction of abacavir with ‘empty’
MHC-class | molecules may stabilize these MHC-molecules,
since MHC molecules without peptide are rather unstable.
On the other hand it has been hypothesized that abacavir
binds irreversibly to APC proteins. This mechanism, possi-
bly mediated through metabolism, may lead to a subse-
quent presentation of ‘altered self’ peptides on HLA-
B*5701 alleles [46]. Indeed, analysis of various drug
induced reactions revealed quite consistently the pres-
ence of hapten- and p-i mechanisms simultaneously to the
parent drug and drug metabolite in the same individual
[47-49].This means that some T-cells react with the parent
compound (p-i-mechanism), others to the hapten and a
few to hapten and parent compound simultaneously.

The strong MHC class | associated drug hypersensitivity
reactions are nowadays an interesting example of person-
alized medicine: HLA-B*5701 typing is done before aba-
cavir is prescribed, which quasi eliminated severe abacavir
related drug hypersensitivity reactions. Similarly, in Han
Chinese, HLA-B*1502 typing drastically reduced the inci-
dence of SJS/TEN in carbamazepine treated patients. Flu-
cloxacillin induced hepatitis is also strongly associated
with HLA-B*5701 [50]. However, the penetrance of this
gene is low, meaning that only few patients would develop
the disease in spite of carrying the risk allele. Thus HLA-
typing is not routinely recommended.

Based on these new findings, two types of p-i mecha-
nisms may occur.In the case of MHC-restricted drug hyper-
sensitivity reactions, the drug may first bind to the MHC-
class | molecules, and subsequently elicit a strong (CD8*
T-cell) immune response. Whether the MHC molecule
remains empty and how the peptide could influence the
interaction is still not clear. Nevertheless the binding to the
MHC-molecule could explain the striking HLA-class | asso-
ciation (Figure 1C).On the other hand,a more polymorphic
CD4* T-cell response would occur if the drug interacts pri-
marily with the TCR. Full stimulation requires an MHC inter-
action, probably by common determinants of the MHC
structure, as various MHC-class Il molecules appear to be
sufficient to provide a T-cell stimulation. Therefore, no
MHC-association has been found for these clinically mostly
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milder reactions (mainly maculopapular exanthems, rarely
DRESS).

Taken together, the p-i concept represents a new way
to explain drug induced hypersensitivity reactions, as it
actually suggests that drug allergies are pharmacological
reactions.The dogma that small chemicals are not full anti-
gens is still valid and must not be refuted, but drugs are
able to interfere with the human immune system in differ-
ent ways. Connected to this surprising finding of pharma-
cological stimulations is the development that some of the
so called ‘unpredictable’ type B drug reactions have
become the most predictable drug reactions and a para-
digm for personalized medicine.lt seems the equation that
type B reactions are ‘bizarre’ reactions is slowly becoming
outdated.
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